Introduction
============

For many a man, their potency defines their joie de vivre. It is well established that men who engage in sexual activity are happier ([@r1]), live longer ([@r2]), are less depressed and definitely do experience a better quality of life ([@r3]-[@r7]). It is generally assumed in today's society which values youth over old age that it is only the elderly who are at risk of losing their potency; however, recent data suggest that this may be a gross misconception ([@r8],[@r9]) and could explain why some of us believe that "grumpy old men" seem to be getting younger and younger. Thus, it seems reasonable to ask the question: what can medicine do to prevent or, more reasonably, delay the onset of impotency or erectile dysfunction (ED) in the hopes that this affliction which so defines many a man does not raise its ugly head until one's very end? Like most quests in medicine, the solution to an affliction usually lies in an understanding of its cause. Along this reasoning, this review will highlight what is currently known about the epidemiology, physiology and pathophysiology of ED and from this knowledge we will try to identify therapeutic options that could lead to a potential solution to our aforementioned million dollar question. Since the penis is considered the window for what is ongoing within the cardiovascular system and since we believe that both aging related ED and essential hypertension are pathologically the same disorder, we hypothesize that any treatment that is effective in either preventing and/or delaying the onset of aging related ED should also be effective in the same manner against essential hypertension.

Every man, if he lives long enough, is destined to develop what Masters and Johnson called aging related impotence ([@r10]) which we now term aging related erectile dysfunction (ARED). This is exemplified by the data from the Massachusetts Male Aging Study (MMAS) which indicated that about 40% of men in their 40's will have some form of ED and this prevalence will increase about 10% per decade such that a man in his 50's has about a 50% chance of having ED while a man in his 60's has about a 60% chance of having ED, etc. ([@r11]). These prevalence data from the MMAS as well as others ([@r8]) intuitively suggest that the physiological processes that cause 40% of men in their 40's to have some form of ED must have begun at an earlier age. If this intuition is indeed correct, it would explain why we physicians do see in our office some men in their 20's and 30's complaining of ED that ultimately turns out to be due a primary physiological and not a primary psychological cause.

Pathophysiology of ARED
=======================

ED is defined as the inability of a man to either attain and/or maintain his erection long enough to complete the sexual act ([@r12]). It turns out that the development of an erection is a simple sequential two step mechanical event: the initial step is for fluid (blood) to be transported into an expanding receptacle (the cavernosal sinusoids) which results in the enlargement and rigidity of the penis. The second event involves the maintenance of that enlargement and rigidity, a process that is dependent on the ability of the corporal bodies to prevent the blood that has come into the expanded sinusoids from then "leaking" out through the veins draining these sinusoids, before the sexual act is completed. The inflow of blood into the corporal sinusoids via the cavernosal arteries that are located within the corporal bodies themselves, as well as the expansion of the corporal sinusoids which provides a space into which this increasing blood will pool is primarily dependent on the relaxation of the smooth muscle located both within the arterial system and corporal sinusoids, respectively ([@r13],[@r14]). When the blood from the arterial system pools into the expanding corporal sinusoids, the intra-corporeal pressure will begin to rise and at a certain level the intra-corporeal pressure will passively compress shut the venous channels that egress from those corporal bodies under the less distensible tunica albuginea ([*Figure 1*](#f1){ref-type="fig"}). It is this compression of the veins by the attainment of an intra-corporeal pressure that is high enough to accomplish this that prevents the sinusoidal blood from leaking out into the venous channels ([@r15],[@r16]). When arterial inflow is low (trouble attaining the erection), we term this arterial insufficiency and when venous outflow is too high (trouble maintaining the erection), we term this cavernosal veno-occlusive dysfunction (CVOD) or simply "venous leakage". Both arterial insufficiency and CVOD are the two forms of vasculogenic dysfunction and either one by itself or a combination of both can lead to symptomatic ED.

![Schematic representation of the corporal tissue in the (A) normal erect state and (B) partially erect state where CVOD is present. Note the compression of the subtunical veins in A and inadequate compression of the veins in B.](tau-06-01-020-f1){#f1}

Etiology of ARED
================

All patients with ED will have as their primary cause either a psychological or a physiological reason. All forms of physiological ED other than what is due to a structural anomaly such as a chordee can be relegated to either a vasculogenic, neurogenic and/or a hormonal cause. When men of various ages from 18 to 80 years are studied to determine the cause of their ED, the most common etiology identified regardless of age is vasculogenic, specifically CVOD ([@r17],[@r18]). This high prevalence of CVOD when compared to that of arterial disease (or defective inflow of blood into the penis) is most striking in the younger population i.e., in men younger than 40 years of age ([@r18],[@r19]). However, once middle age begins to set in and the onset of hypertension and diabetes mellitus and other middle age maladies become more prevalent, the incidence of arterial disease as a cause of ED begins to follow suit ([@r20]). Nevertheless, despite this increase in the incidence of arterial disease as men age, CVOD or venous leakage can still be identified in about 67% to 75% of men complaining of ED, regardless of whether they are young, middle aged or elderly ([@r17]).

For those of us who specialize in seeing men with ED, particularly men younger than 50 years of age, the most common first symptomatic complaint of their ED is that they are either unable to keep their erection lasting as long as they previously could or that they simply "lost" their erection during the sexual act. These complaints would suggest, in the Oslerian way of listening to what the patient is saying, that the patient was telling us that he was "losing the blood from his erect penis" i.e., heralding the onset of symptomatic venous leakage or CVOD. So why does this venous leakage seem to signal the onset of ED in most men and why does it begin at an early age in some men? As mentioned earlier, the ability to attain an erection is due to the increase in blood going into the corporal sinusoids via the arterial tree in tandem with pooling of this blood within the corporal sinusoids. The increase in blood flow via the arterial vessels as well as the increase in the size of corporal sinusoids is due to the relaxation of the smooth muscle within both the arterial vessels and the corporal sinusoids, a process that is regulated by the release of nitric oxide (NO) ([@r21]) synthesized by its enzyme, the neuronal isoform of nitric oxide synthase (nNOS), that is actually located outside the SMC within the terminal axons of the nerve ([*Figure 2*](#f2){ref-type="fig"}) innervating this corporal smooth muscle ([@r22]). The NO from nNOS rapidly enters the SMC and initiates the process of smooth muscle relaxation.

![Schematic representation of the difference between nNOS and iNOS in the corporal smooth muscle cell. nNOS is involved in the neurogenic stimulation of nitric oxide (NO) within the nerve terminals. This neurally derived NO rapidly traverses from the nerve terminal into the cytoplasm of the underlying smooth muscle cell to activate guanylyl cyclase to form cGMP from GTP and induce smooth muscle relaxation (the erectile state). cGMP is endogenously degraded by PDE into 5'-GMP. iNOS originates from the smooth muscle cell itself and the NO from iNOS combats the oxidative stress that is ongoing within the mitochondria (M).](tau-06-01-020-f2){#f2}

As long as the blood that enters the sinusoidal spaces can be retained within the sinusoids to allow the attainment of an intra-corporeal pressure that is high enough to compress the veins exiting the corporal bodies, the erection itself will be maintained. The length of time a man can keep his erection without losing it before the completion of the sexual act is then dependent on how long the corporal smooth muscle can be maintained in its relaxed state. If the corporal smooth muscle tires easily or if there are not enough SMC functioning normally within the sinusoids to achieve that high intra-corporeal pressure necessary to compress those egressing veins, the sinusoidal blood will "leak out" and the erection will be "lost". It is estimated that one only needs to lose approximately 15% of the function of the corporal smooth muscle mass for symptomatic venous leakage to occur ([@r23]). Based on our own observations with dynamic infusion cavernosometry over the past 30 years ([@r17],[@r20]) in tandem with the known anatomical relationship between the cavernosal artery and the corporal sinusoids ([*Figure 1*](#f1){ref-type="fig"}), the intra-corporeal pressure that is required to compress the veins exiting the corpora and maintain one's erection is probably somewhere around the mean arterial pressure of that individual.

As men age, it is recognized that there is an aging dependent decrease in the amount of the functioning corporal smooth muscle. The mechanism(s) underlying this aging related loss of the normal smooth muscle within the corporal bodies is believed to be due mainly to an apoptotic process that is primarily triggered by oxidative stress ([@r24]). When about 15% of the functioning corporal smooth muscle mass has been impacted, it can lead to symptomatic ED and this theoretically can occur at any age since it is believed the apoptotic process simply due to the aging process is most likely genetically determined in each individual. Support for the concept that this aging related apoptotic process and subsequent dysfunction of the corporal smooth muscle can and does occur at an early age, is based on the clinical observation that the refractory period of the penis, that time period between the attainment of two subsequent and separate erectile episodes, begins to increase in most men sometime during their 20's and continues to progress with the aging process. By inference, it is safe to state that when the patient (who has normal arterial inflow) "recognizes" the onset of the inability to maintain his erection, it most likely indicates that the aging process within the corpora has already begun.

Additional clinical evidence to support the belief that the aging related apoptotic process of the corporal smooth muscle begins at an age much earlier than when symptomatic ED occurs lies in the response of young potent men to the ingestion of PDE5 inhibitors used for treating ED. By inhibiting phosphodiesterase, PDE5 inhibitors enhance the relaxation of the corporal smooth muscle by preventing the breakdown of cGMP within the smooth muscle cells ([@r25]) and as a result this should theoretically allow one to maintain his erection for longer periods of time. cGMP itself is formed within the smooth muscle cell from guanosine triphosphate (GTP) by the enzyme, guanylyl cyclase ([@r26]) which is the enzyme that is targeted by NO to begin the production of cGMP. In the penis, the NO that initiates the erectile response is formed from the nNOS enzyme located within the axons of the erectile nerves which is located outside its target, the corporal smooth muscle cells. When young men who are documented to have normal erectile function are then given oral PDE5 inhibitors, the only observed outcome in these "normal men" is a decrease in their refractory period ([@r27],[@r28]) without any significant effect on the rigidity of their erection as measured by the IIEF (international index of erectile function) score ([@r29]). Therefore, the reported enhancement of the erectile response to oral PDE5 inhibitors in young men who claim to have normal erectile function would theoretically only occur in those men whose corporal smooth muscle function has already begun to deteriorate.

In fact, it is safe to state that most men who respond to these PDE5 inhibitors, if they live long enough, will at some time later on their life ultimately fail to respond to these drugs ([@r30],[@r31]). Logic then dictates that when this lack of responsiveness occurs, and barring any loss of arterial inflow, it could only be due to either (I) progression of the process within the penile tissues that is causing the ED or (II) tachyphylaxis of the PDE5 inhibitor. Since it has been demonstrated unequivocally that these PDE5 inhibitors do not undergo tachyphylaxis ([@r32],[@r33]), one can only conclude that for those men who are suffering from ARED the subsequent diminution in their response to these PDE5 inhibitors would have to be by default the progression of the aging related processes in particular the SMC apoptosis that continues to forge ahead on as one ages. Once the PDE5 inhibitors become incapable at its highest dose of inducing sufficient tumescence to allow sexual activity to occur where it was previously able to do so, it merely identifies the time has been reached when either the remaining functioning corporal smooth muscle is incapable via the oral route of drug administration of achieving sufficient relaxation to allow the attainment of an intra-corporeal pressure high enough to compress the subtunical veins (increasing venous leakage) or there has been a concomitant decrease in the inflow of blood into the penis which is incapable of providing enough blood to the corporal sinusoids (arteriogenic dysfunction) to allow for any veno-occlusion to occur or it could be due to a little bit of both of these processes. Since an erection is simply a mechanical event requiring a dynamic balance between inflow and outflow of blood within the corporal sinusoids, the determination of whether one or both processes are functioning normally in an individual patient requires an individual evaluation of each of these processes ([@r17],[@r20]).

Within the last decade it was observed in the laboratory that when this aging dependent apoptosis of the corporal smooth muscle occurred, the corporal tissues themselves responded to the related causative oxidative stress by increasing the production of NO within the SMC itself ([@r34]) via a process that is different from the NO that is released into the SMC from the terminal axons of the erectile nerves by the nNOS enzyme ([*Figure 2*](#f2){ref-type="fig"}). This NO that is synthesized within the cytosol of the SMC is produced by another NOS isoform called inducible NOS (iNOS) which is one of three NO producing enzymes in the body. iNOS is normally produced only in the macrophages and Kupffer cells ([@r35]) and under the appropriate stimulus, can produce high local levels of NO. Interestingly, these high intracellular levels of NO produced by iNOS have been shown in some systems and tissues to be both noxious, by inducing apoptosis, as well as protective, by being anti-apoptotic ([@r36],[@r37]). However, with respect to the corporal smooth muscle undergoing its aging related apoptosis, laboratory data suggest that the SMC of the corpora begin the process of expressing iNOS, which produces NO within the cell itself and this appears to be an attempt by the SMC itself to combat the oxidative stress associated with the ongoing apoptotic process ([@r38]). In theory, this production of NO from iNOS in the aging penis can be viewed as an attempt by the tissue itself to retard or reverse the ongoing deterioration of the corporal smooth muscle. This can be observed in animal models of ED where this anti-apoptotic effect of NO from iNOS has been shown to be enhanced by compounds that either boost iNOS production ([@r39]) or inhibit the breakdown of cGMP ([@r40]) without any obvious detrimental effects to any other organ systems in these animals. Indeed, when PDE5 inhibitors which inhibit the breakdown of cGMP and therefore complement the effect of NO are given for long periods of time on a daily and continuous basis to aged animals with ED, the aging related apoptotic process in the corpora seems to be retarded, the corporal smooth muscle cell content within the corporal tissue surprisingly seems to increase and normal corporal veno-occlusion can be achieved ([*Figure 3*](#f3){ref-type="fig"}) ([@r40]).

![Aging related events ongoing in the vascular smooth muscle cell. Aging induces oxidative stress which leads to apoptosis of the smooth muscle cells and induction of iNOS. NO from iNOS combats the oxidative stress and helps retard the apoptotic process within the cell.](tau-06-01-020-f3){#f3}

Penis and CV system
-------------------

The penis is considered by many to be the window to the cardiovascular system. Indeed, it was the observation that the smooth muscle cell of the media of the arterial system is indistinguishable physiologically from that of the smooth muscle cell of the corporal tissue that provided us initially with the clue that the corporal SMC of the penis were an NO dependent tissue ([@r41]). Therefore, one could infer that any endogenous systemic influence such as the aging process that affects one vascular smooth muscle tissue should also affect all other vascular smooth muscle tissue within that organism. This is exactly what Ferrini *et al.* observed in the laboratory rat ([@r42]). In this animal model which does not normally develop atherosclerosis with aging, there appeared to be similar histological changes in the media of the peripheral vascular system and the corpora with aging ([@r42]). Since the loss or dysfunction of SMC within the arterial media leads to a "stiffer" artery and such "stiffer" vessels (arteriosclerosis or arterial stiffness) are a hallmark of hypertension, this experimental observation in the rat provided the basis for the statement that essential hypertension, which could be considered an aging related loss or dysfunction of smooth muscle from the media of the peripheral vascular system, is essentially the same disorder as ARED within the penis, i.e., both are due to the smooth muscle loss and/or dysfunction that occurs as a result of the aging process ([@r43],[@r44]). This would certainly explain why hypertension is found to be the most common medical condition associated with ED and why the aging prevalence of both conditions parallel each other decade for decade ([@r11],[@r45]).

Most recently, it has been proposed that it is actually hypertension, the most common of all the cardiovascular diseases, that is the major risk factor for ED ([@r46]) rather than the common held view that ED is a predictor for the development or presence of cardiovascular disease ([@r47]-[@r49]). If hypertension, including the aging related form of it, is indeed the major risk factor for ED and if hypertension is one of the major risk factors for endothelial dysfunction, the presumptive cause of ED ([@r50]), this would suggest that our focus on the treatment of two of the most common maladies to afflict a man (hypertension and ED) should be directed towards their common presumptive cause i.e., preventing the aging related changes occurring in our vascular SMC. Theoretically then, if iNOS is the synthesizer of the signaling molecule, NO, and one proposes to upregulate its production and subsequent effect in order to help retard or delay the aging related apoptosis seen in the cavernosal smooth muscle, it is potentially possible that such a systemic treatment could also benefit the aging related apoptosis simultaneously ongoing within the peripheral arterial media. From a practical point of view, a long-term treatment that is not linked to the induction of an erection but to achieve constant moderately higher intracellular levels of NO and/or cGMP, targeted to mimic the effect of iNOS (to produce both more NO and cGMP) or a treatment, like with PDE5i, that inhibits the breakdown of the cGMP, derived from this iNOS pathway (to enhance the effect of NO from iNOS) or a treatment that does both, may be operative in preventing or delaying the onset of aging related ED and/or essential hypertension. Preliminary results using PDE5 inhibitors in humans to accomplish this in a more accelerated version of aging related ED i.e., when the cavernosal nerves that innervate the corporal smooth muscle are surgically transected, support such a therapeutic trial ([@r51]).

If the actual defective cell in ARED is the corporal SMC, what about regenerative medicine in this condition? Since the first report by Bahk *et al.* in 2010 describing the use of stem cells from umbilical cord blood to treat ED ([@r52]), there have not been any published evidence based studies in humans supporting the use of any of the various types of stem cells that have shown efficacy in rodents ([@r53]) although most of the anecdotal and early reports in humans have been mainly in elderly men where it is suspected that they have both arterial disease and CVOD.

Conclusions
===========

The most common cause of ED, regardless of the age of the patient, is vasculogenic due to CVOD or venous leakage. Pathologically, this is due to an aging related apoptosis of the corporal SMC similar to what is believed to also occur in the media of the peripheral vasculature. The apoptotic process in the penis appears to begin early in a man's life and can be first identified by the increase in the refractory period most men will experience usually sometime around their 3^rd^ decade of life. The progression of this increase in the refractory period over time will reach a stage, depending on the patient's genetics and co-morbidities, where maintenance of the erection becomes problematic and symptomatic ED is apparent. In response, the SMC begin to fight the oxidative stress and apoptosis associated with these aging related changes by producing NO from iNOS. Preliminary data suggest that products that upregulate this NO producing pathway and/or pharmacologically release NO, and/or protect its product, cGMP, show promise in halting or reversing the cellular changes associated with this aging process. It remains to be determined whether such therapy will also be found to be effective on similar aging related changes that occur in the media of the peripheral vasculature.
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